Recently, we have developed a novel laser-excitation fluorescence microscope system to study intracellular calcium (Ca2+) in individual cultured vascular smooth muscle (VSM) cells using fluorescent indicators for Ca2t In the cource of our study, it was shown that the subcellular fluorescence distribution of fura-2 was not homogeneous in VSM cells incubated with the acetoxy-methyl ester form of fura-2, fura-2/AM. The fluorescence appeared spotty or filamentous and resembled in shapes the intracellular organelles, suggesting that there was fura-2 dye compartmentalization in the organelles. To clarify the nature of the subcellular fluorescence, the soluble fraction of cells loaded with the dye was analyzed through high performance liquid chromatography (HPLC). We also examined the excitation spectra of fluorescence in the soluble fraction, which was compared with that in the cell suspension. Using HPLC, it has been shown that no other than fura-2 was found in the soluble fraction, whereas analyses of excitation spectra have indicated that the membrane fraction contained fura-2/AM or its lipophilic metabolite. On the other hand, indo-1 dye fluorescence showed a diffuse intracellular distribution, but the nuclear region had higher or sometimes lower fluorescence levels than the cytoplasm. The
present results suggest that it may be necessary to assess subcellular fura-2 compartmentalization and possible interference by fura-2/AM or its lipophilic metabolite for the accurate measurement of intracellular Ca2+ concentration in VSM cells. It is also suggested that indo-1 may be more suitable for estimating Ca2+ concentration than fura-2 in individual VSM cells, fura-2 ; indo-1; laserexcitation fluorescence microscope ; smooth muscle cells ; cytosolic free calcium Intracelluar calcium ion (Ca2+) is known to be a second messenger of receptor signal transduction (Rasmussen and Barrett 1984) . In muscle tissues and in secretooy glands, an increase in intracellular Ca2+ triggers contraction or secretion, respectively. Intracellular Ca2+ concentration has been measured by nondestruptive technique using fluorescent indicators for Ca2t Using this method, fluorescent indicators are loaded into the cells through incubation with the acetoxy-methyl ester form of the indicators that is hydrolized by a subcellular esterase, resulting in a Ca2+ sensitive form (Tsien et al. 1982 ; Grynkiewicz et al. 1985) . Using the method, the relationship between Ca2+ and cellular function has been extensively studied. However, accurate determination of intacellular Ca2+ concentration has been recognized as problematic (Cobbold and Rink 1987; Meldolesi et al. 1987 ). For instance, there remain problems as the interference of Ca2+ insensitive metablites of fluorescent indicator (Highsmith et al. 1986; Scanlon et al. 1987) , the subcellular heterogenous distribution of fluorescence (Busch and Jones 1987; Malgaroli et al. 1987; Steinberg et al. 1987) or the interference of cytoplasmic fura-2 binding proteins resulting in a change in Ca-fura-2 binding affinity constant (Konishi et al. 1988 ). In the present study, we have developed a novel laser-excitation fluorescene microscope system to study calcium distribution in individual vascular smooth muscle (VSM) cells. Using the system, we observed subcellular heterogenous distribution of fura-2 dye fluorescence in VSM cells. A portion of these results has been briefly reported elsewhere (Takeuchi et al. 1988) . In this study, we have confirmed the previous observations, and raised a question regarding the accuracy of cytosolic free Ca2+ concentration measurement using fura-2 fluorescence.
MATERIALS AND METHODS
The sources of materials used in the present study were follows : type III collagenase, deoxyribonuclease (DNase) I, elastase, soybean trypsin inhibitor from Sigma Chemical (St. Louis, MO, USA), medium 199, minimal essential medium (MEM), Hank's balance salt solution (HBSS) (without phenol), antibiotics mixture (10,000 U/ml penicillin, 10 mg/ml stretpomycin), L-glutamine solution, and trypsin-EDTA from Gibco (Grand Island, NY, USA), fetal bovine serum from Flow Laboratory (North Ryde, Australia), six well sterile culture dishes from Nunc (Copenhagen, Denmark), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), fura-2, fura-2 acetoxy-methyl ester (fura-2/AM) from Dojin (Kumamoto, Japan) and indo-1 acetoxymethyl ester (indo-1/AM), from Molecular Probes (Junction City, OR, USA), ionomycin from Calbiochem (La Jolla, CA, USA).
Cell culture
Rat vascular smooth muscle cells were cultured by the method desribed previously ). Briefly, male Sprague-Dawley rats weighing 200-400 g were anesthetized with nembutal, and the superior mesenteric artery was dissected out. These arteries were freed of surrounding tissues and incubated for 15 to 20 min at 37°C, while being shaken in a modified Krebs-Ringer solution of the following composition : 105 mM NaCI ; 5 mM KC1; 1 mM KHP2PO4 ; 25 mM HEPES ; 1 mM MgSO4 ; 14 mM glucose ; 0.2 mM CaC12 ; 25 mM NaHCO3. The solution was further supplemented with collagenase (360 U/ml), elastase (96 U/ml), DNase I (56 U/ml) and soybean trypsin inhibitor (1 mg/ml). Cells which had dissociated during the first 15 to 20 min of incubation were discarded because they were considered to be rich in adventitial fibroblasts as well as endothelial cells. The remaining portion of the vessel was incubated for another 30 to 90 min. Cells dissociated during the second incubation were centrifuged and filtered through a 150 ,um nytex filter before they were allowed to attach to culture dishes in medium 199 lacking fetal bovine serum. In 2 hr, most cells had adhered to the bottom of the wells, and were further cultured in medium 199 supplemented with 10% fetal bovine serum. Cells were subcultured by treatment with 0.08% trypsin-EDTA. Morphological examination under phasecontrast microscopy revealed the characteristic features of smooth muscle cells with a hill & valley pattern. Ultrastructual examination disclosed the presence of abundant filaments resembling myofilaments and dense bodies. For the experiments, the cells in subculture 4 to 9 were used. The cells possessed biochemical activties sufficient to produce cGMP ) and prostaglandin I2 (Takeuchi et al. 1987 ) in response to atrial natriuretic factor and angiotensin II, respectively. 1986). Briefly, An argon laser (excitation wavelength = 355 nm) is used for the excitation. The emission wavelength monitored is 488 nm. The laser light is scattered by a diffuser and collected by an objective lens to illuminate the sample uniformly. The microscope is a commercial instrument (Nikon XF, Tokyo). Elastically scattered light is rejected by a cut-off filter in front of the detector. The fluorescence image of the sample is amplified by an image intensifier (Hamamastu Photonics, Hamamastu) and detected by an ultra-high sensitive SIT camera (C100-18, Hamamastu Photonics, Hamamastu ). The image signals from the camera are digitized and stored in a frame memory in an image precessor using 8-bit AD converter. The storage of the digitized image is completed in 1/60 sec. The digitized images and images detected directly by the SIT camera are displayed on a TV monitor. The data stored in the image processor are transferred to a flopy disk through a microcomputer (Fujitsu, Tokyo) to store a large number of detected images for later processing.
Examination of the nature of subcellular fura-2 fluorescence
In order to reveal the nature of subcellular fura-2 dye fluorescence, we examined excitation spectra of fluorescence in the methanol extractable soluble fraction of cells loaded with fura-2 dye. The cells were incubated with 41 M fura-2/AM in HBSS for 0, 30 and 60 min at 3TC. After the incubation, the cells were sonicated in 75% methanol solution. The cellular debris was separated by centrifugation and removed, and 20 al of the supernatant (soluble fraction) was applied to an ODS colunm (Tosoh TM80,15 cm x 4 mm ID.) attached to a high performance liquid chromatograph (Hitachi). Fluorescence intensity at the emission wavelength (Em.) of 490 nm was monitored when the excitation wavelength (Ex.) was set at 340 nm. In addition, we prepared another soluble fraction of the cells loaded with fura-2 in HBSS, and the excitation spectrum was examined with a fluorometor (Hitachi MPF4). We also examined the excitation spectra of fluorescence in a cell suspension containing cells loaded with fura-2. The loading of fura-2 was performed by incubation with 4 pM fura-2/AM for 40 min at 3TC. The cells were washed three times through centrifugation and the final cell concentration was adjusted to 4 x 106/ml. The cell suspension was tranferred to a cuvette, in which the cells were stirred by a magetic stirrer at 3TC, in the fluorometer.
RESULTS

Fura-2 study
As shown in Fig. 2A-D , the laser-excitation fluorescence microscope system revealed a heterogenous fluorescence distribution in VSM cells loaded with fura-2. Spotty or filamentous fluorescence forms were located around the nucleus. Fluorescence in the nucleus was lower or sometimes higher than in the cytosol.
In order to examine the nature of the substance exhibiting the subcellular fluorescence, the soluble fraction of the cells was analyzed through HPLC. In comparison with the elution pattern of authentic fura-2 and fura-2/AM (Fig. 3A) , no metabolite other than fura-2 was found in the soluble fraction of the cells which had been incubated with fura-2/AM (41 M) for 0, 30 and 60 min (Fig. 3B) .
As seen in Fig. 4A , the excitation spectrum of fura-2 standard solution showed a fluorescence peak at 340 nm in the presence of Caz+ (1.5 mM) (Finax : Fig. 4 . Excitation spectra of authentic fura-2 fluorescence. A : a, excitation spectrum of fura-2 fluorescence in the presence of 1.5 mM Ca2+ ; b, excitation specrum after addition of EGTA 2.5 mM (Fm;n) ; c, autofluorescence.
B : excitation spectra of Finax and Fmin after subtraction of autofluorescence, a' and b', respectively. maximum fluorescence of fura-2 saturated with Cat), a, and the fluorescence peak was shifted to Ex. 380 nm in a "zero" calcium solution produced with EGTA (2.5 mM, pH > 10) (Fmin : minimum fluorescence), b. Following addition of MnC12 (1.0 mM), Ca2+ sensitive fura-2 fluorescence was completely quenched, resulting in autofluorescence, c. Fig. 4B is the spectra of fluorescence after subtraction of autofluorescence. The fluorescence of the soluble fraction of the cells showed the same fluorescence spectra as the authentic fura-2 (Fig. 5) . Furthermore, we examined the excitation spectra of fluorescence in cells loaded with fura-2 through incubation with fura-2/AM (Fig. 6 ). Cell lysis with digitonin (50,ul) resulted in Finax, a, in the presence of Ca2+ (1.5 mM) (Fig. 6A) , while addition of EGTA (2.5 mM) resulted in Fmin, b. Following addition of MnC12 (1.0 mM) did not completely quench fluorescence, but an excitation spectrum of fluorescence, x, distinct from that of autofluorescence, c, was detected. Fig. 6B shows the excitation spectra after subtraction of the fluorescence which was not quenched by MnCl2. The patterns of excitation spectra were similar to those of authentic fura-2 solution. 
Indo-1 study
Cells loaded with iodo-1 through incubation with indo-1/AM (4,uM) showed diffuse distribution of fluorescence, but fluorescence of the nucleus was brighter than that of the cytoplasm (Fig. 7) .
DISCUSSION
We have developed a laser-excitation fluorescence microscope system to study Cat-sensitive fluorescence distribution in individual cells loaded with a fluorescent indicator for Cart We used an argon laser as a stable source of excitation. The fluorescence intensity was amplified by approximately 104 through an image intensifier and SIT camera. Through this fluorescence microscope system, a heterogeneous fluorescence distribution was clearly shown in VSM cells loaded with fura-2, indicating that there was fura-2 dye compartmentalization in subcellular organelles. The fluorescence appeared filamentous or spotty around the nuclear region, resembling in form subcellular organelles such as mitochondria or indo-1 images lysosomes as reported previously (Steinberg et al. 1987 ; Malgaroli et al. 1987 ). Williams and Fay (1986) found that quin-2 dye fluorescence was much higher in the nucleus than the cytoplasm in enzymatically dispersed gastric smooth muscle cells, whereas Kobayashi et al. (1985) reported that fluorescence of quin-2 dye was lower in the nuclear region in cultured aortic VSM cells. Cytoplasmic fura-2 fluorescence appeared filamentous in cultured endothelial cells (Steinberg et al. 1987) , and spotty in fibroblast cell lines ), while fura-2 fluorescence in the nuclear region has been reported lower in the nucleus than in the cytoplasm (Steinberg et al. 1987 ), but the reverse was found by Williams et al. (1985) . Cultured rat VSM cells used in the present study also showed heterogenous subcellular distribution of fura-2 fluorescence. At lower temparature, the absence of heterogenous distribution of fura-2 dye fluorescence has been reported to be found (Almer and Neher 1985 ; Malgaroli et al. 1987 ). It appears that a temperature dependent intracellular process may be involved in the phenomenon.
In the present study, the substances showing fluorescence was analyzed through HPLC because potential intracellular metabolites of fura-2/AM other than fura-2 have been suggested (Scanlon et al. 1987 ). The HPLC analyses indicated that there was no other metabolite than fura-2 in the soluble fraction of the cells. The exitation spectra of the soluble fraction were identical with the excitation spectra of authentic fura-2 fluorescence. MnCl2 did not completely quench the fluorescence of the cells permeated with digitonin, but an unknown fluorescence spectrum, not identical with that of autofluorescence, was detected (Fig. 6A, x) . Since the soluble fraction did not contain cellular membrane, the difference in exitation spectra between the cell extract and the cell suspension may be attributed to interference by calcium insensitive fura-2/AM or its lipophilic metabolite which are attached to the cellular membrane. Therefore, there may be two kinds of fluorescence : one brought about by fura-2 in the soluble fraction, and another by fura-2/AM or its lipophilic metabolite in the cellular membrane. It remains to be determined, however, whether the subcellular heterogeneity of fluorescence is caused by fura-2 or lipophilic fura-2/AM bound to the membrane of subcellular organelles. If the compartmentalized fluorescence is due to the fura-2 caged in the organelles, a change in the fluorescence may possibly reflect a change in Ca2+ concentration in the organelles. The present results also suggest that, if there are any Ca2+ insensitive metabolites of fura-2/AM (Scanlon et al. 1987) , these metabolites may be present in the membrane fraction. In any event, when Ca2+ concentration is measured using fura-2 fluorescence, it is necessary to assess subcellular compartmentalization of fura-2 fluorescence or the fluorescence of fura-2/AM and/or its lipohilic metabolite attached to the cellular membrane. Recently, Konishi et al. (1988) has reported that fura-2 binding proteins interfere with Ca2+-fura-2 binding affinity. This and our phenomenon may raise furthermore difficult problems in the accurate measurement of cytosolic free Ca2+ concen-tration. And a relation between our phenomenon and the Ca2+ binding proteins requires a further investivation.
We found that the distribution of indo-1 fluorescence was diffuse in the cells. A similar diffuse distribution of indo-1 fluorescence was also reported in cultured endothelial cells (Steinberg et al. 1987 ), whereas it has been shown that fluorescence of indo-1 as well as that of fura-2 was sequestered in aleurone protoplasts (Busch and Jones 1987) . In plant cells, moreover, successful loading of indo-1 was shown to depend on the pH of the loading medium. Although the conditions of indo-1 loading should be studied in detail, indo-1 dye may be more suitable for determination Ca2+ concentration than is fura-2 dye, since subcellular indo-1 fluorescence appears diffuse and would not be compartmentalized, in VSM cells.
